Agrobacterium-mediated plant transformation is an extremely complex and evolved process involving genetic determinants of both the bacteria and the host plant cells. However, the mechanism of the determinants remains obscure, especially in some cereal crops such as wheat, which is recalcitrant for Agrobacterium-mediated transformation. In this study, differentially expressed genes (DEGs) and differentially expressed proteins (DEPs) were analyzed in wheat callus cells cocultured with Agrobacterium by using RNA sequencing (RNA-seq) and two-dimensional electrophoresis (2-DE) in conjunction with mass spectrometry (MS). A set of 4,889 DEGs and 90 DEPs were identified, respectively. Most of them are related to metabolism, chromatin assembly or disassembly and immune defense. After comparative analysis, 24 of the 90 DEPs were detected in RNA-seq and proteomics datasets simultaneously. In addition, real-time RT-PCR experiments were performed to check the differential expression of the 24 genes, and the results were consistent with the RNA-seq data. According to gene ontology (GO) analysis, we found that a big part of these differentially expressed genes were related to the process of stress or immunity response. Several putative determinants and candidate effectors responsive to Agrobacterium mediated transformation of wheat cells were discussed. We speculate that some of these genes are possibly related to Agrobacterium infection. Our results will help to understand the interaction between Agrobacterium and host cells, and may facilitate developing efficient transformation strategies in cereal crops.
Introduction
Genetic transformation, as a reverse genetics tool, has been widely used in modification of some economically important plant species. Great successes have been achieved in enhancing the production of major crops such as soybean, maize and cotton, which have contributed a lot to the global agricultural economy and helped to meet the food demand for human and animal worldwide [1] . However, almost no promising progress has occurred on genetically modified wheat [2] . Presently, the most economic strategy of plant transformation is still Agrobacteriummediated method, which is progressed slowly in wheat even though it was initiated in 1980s when it was successfully applied to obtain transgenic tobacco plants [3] .
The mechanism of Agrobaterium-mediated transformation has been explored in both pathogens and plants, and some pathogen or host proteins/genes have been identified to participate in the Agrobacterium infection and T-DNA delivery process [4] [5] [6] [7] [8] [9] [10] [11] . A few of these genes were proved to result in improved transformation efficiency in some dicot plants such as Arabidopsis and tobacco, and also in several cereal plants such as rice and maize [12, 13] . Taking rice as an example, even though its transformation process is not difficult, Agrobacterium-mediated transformation efficiency for indica rice variety is much lower than that for japonica cultivars. Tie et al. identified the differentially expressed genes by microarray, and the results were very useful to identify genes involved in the process of Agrobacterium-mediated transformation [14] .
Agrobacterium infection of plant cells consists of a series of events, including attachment of Agrobacterium on plant tissues, recognition between Agrobacterium and host, production of transferred substrates, transferring of the components into host cell, movement of the substrates into host nucleus, integration of T-DNA into host genome, and expression of the integrated T-DNA, among which the most vital step is the integration of T-DNA into plant genome. During the whole process, several vir genes and chv genes were proved to contribute to the cellular transportation or transformation of the target DNA fragments [15] . However, only a few literatures reported the response of host response to the infection of Agrobacterium by cDNA-AFLP [16] and genome microarray [17] . Tzfra et al. screened an Arabidopsis cDNA library by the yeast twohybrid method with the Agrobacterium VirE2 protein as a bait and found that the identified plant protein, designated VIP1, was specifically bound with VirE2, and allowed its nuclear import to participate in the early stages of T-DNA expression [18] . Subsequent research indicated that VIP1 is imported into the nucleus of plants via the karyopherin-a dependent pathway, and its over-expression significantly rendered plants more susceptible to genetic transformation mediated by Agrobacterium [18, 19] . Moreover, the ability of VIP1 interacting with VirE2 protein and localizing in nucleus helped the transportation of the foreign DNA transiently into plant cells and nucleus, and its interaction with a host histone protein of H2A is required for the upcoming stable genetic transformation of the alien DNA strands [20] . VIP2 is another Arabidopsis protein which interacts with VIP1, and also plays an important role in the Agrobacterium-mediated transformation in plants [21] . Because of the complexity of the whole transformation process, a lot of host genes are postulated to participate in the delivery process. Identifying more host genes involved in the response to infection and transformation will help us to further understand the process, and improve the efficiency of Agrobacterium-mediated wheat transformation eventually.
However, Agrobacterium-mediated wheat genetic transformation has remained very low efficiency and strong genotype-dependent [22] . Therefore, particle bombardment method is still the major approach for wheat transformation [22] . Up to now, some improved transformation protocols mediated by Agrobacterium have been reported in wheat since 1997 [23, 24] . For example, Hu et al. reported that they obtained more than 3,000 independent transgenic events with average transformation efficiency of 4.4% [25] . However, these results were limited mainly to few wheat varieties, and the methods they used have been proved difficult to follow up [24] [25] [26] [27] even if the advances and progress on wheat Agrobacterium-mediated transformation approach were described in freshly published papers [23, 28] . Indeed, no wheat variety has been proved to be competent for the transformation mediated by Agrobacterium. Therefore, more work needs to be conducted to find key host genes involved in the T-DNA delivery process after the wheat cells are infected by Agrobacterium.
In the past few years, development of next-generation sequencing (NGS) technologies has provided a new paradigm for genome and transcriptome characterization [29, 30] . RNA sequencing (RNAseq) has exhibited some obvious advantages over existing approaches. This technique has been proved to be highly repeatable, and is expected to revolutionize the manner of analyzing eukaryotic transcriptomes [31] . On the other hand, some technologies such as mass spectrometry (MS) and two-dimensional electrophoresis (2-DE) have been widely used in proteomics. Evidences showed that proteomics and transcriptome can mutually promote the detection of expressed genes with complementary advantages at low cost [32] . In this study, the expression activities of associated genes with transformation process were analyzed in the infected wheat callus by Agrobacterium using RNA-seq and 2-DE in conjunction with MS strategy. We identified differentially expressed genes that might be involved in the process of Agrobacterium infection and T-DNA delivery. A set of 4,889 differentially expressed genes (DEGs) and 90 differentially expressed proteins (DEPs) were identified, respectively. Most of them are related to chromatin assembly or disassembly and to immune. After comparative analysis, 24 aligned DEPs were identified to be potentially closely related to Agrobacterium infection response and transformation, and involved in 23 pathways.
Materials and Methods

Plant materials and Agrobacterium strain
A semi-winter wheat (Triticum aestivum L.) variety used throughout this study, Yangmai12, which is a largely commercial wheat variety in southeast China with good agronomic characteristics and high regeneration ability of immature embryos, was kindly provided by Prof. Shunhe Chen at Yangzhou Agricultural Institute, Jiangsu Academy of Agricultural Sciences, China. Wheat immature caryopses were collected from Yangmai12 plants 12-14 days post anthesis. The immature embryos were dissected aseptically and cultured on MSD2 medium (MS inorganic salts, 2 mgl -1 dicamba, 3.0% sucrose, 2.4 gl -1 gelrite, pH 5.8) for 4 days at 25uC under dark conditions before infection by Agrobacterium tumefaciens. The Agrobacterium strain used in this study is C58C1, which harbored a binary vector pZP211 carrying a T-DNA without target gene, and was kindly provided by Dr. Tom Clemente at University of Nebraska-Lincoln, USA.
Infection of pre-cultured immature embryos by Agrobacterium
Agrobacterium tumefaciens strain C58C1 with binary vector pZP211 was incubated overnight in 5 ml YEP medium (10 gl -1 tryptone, 10 gl -1 yeast extract, 5 gl -1 N a Cl, pH 7.0) with 50 mgl -1 rifampicin, 50 mgl -1 streptomycin, and 50 mgl -1 spectinomycin inside a shaker with 220 rpm at 28uC. The overnight Agrobacterium culture was put into 45 ml fresh YEP medium, and incubated inside a shake for 6 hours at the same conditions as above mentioned. The Agrobacterium cells was pelleted by centrifugation at 4500 rpm for 10 min at room temperature, and re-suspended by adding 25 ml of liquid inoculation medium WCC (1/10 MS basic medium, 4.0 mM 2-(N-morpholine)-ethane sulphonic acid (MES), 0.75 gl -1 MgCl 2 , 200 mM acetosyringone, 1.0% glucose, 4.0% maltose, 2.0 mgl -1 dicamba, 2.2 mgl -1 picloram, 100 mgl -1 casein hydrolysate (CH), pH 5.4). The cell density was adjusted to an optical density of 0.5 (OD 650 ) for inoculation [24] .
About 50 pre-cultured immature embryos (PCIEs) of wheat were transferred into the prepared Agrobacterium suspension in a petri dish (35 mm615 mm) containing 3 ml of Agrobacterium culture. In total, 100 PCIEs were infected by Agrobacterium in two plates. Another 100 PCIEs were transferred into 6 ml 1/10 WCC as a control [24] . The inoculation was performed at room temperature for 30 min, then the cell clusters were blotted on sterile filter paper and transferred to larger plates (90 mm620 mm) containing a piece of sterile filter paper for cocultivation at 23-24uC in the dark for 36 hours [33] . The infection experiment was designed by three repeats, and RNA isolation was performed from every repeat.
RNA isolation, cDNA library preparation and sequencing Total RNA was isolated with TRIZOL (Invitrogen, Carlsbad, CA, USA) from the Agrobacterium infected and non-infected PCIEs, which were treated in a solution containing 200 mgl -1 carbenicillin disodium salt (Amresco, USA) for 10 min and then washed with sterile water for 3 times, according to the manufacturer's instructions. Then the RNA-seq were performed in BGI (Beijing Genomics Institute).
Three RNA samples from each treatment were mixed, respectively, and treated with RNase-free DNase I for 30 min at 37uC to remove residual DNA. Beads with oligo (dT) were used to isolate poly (A) mRNA. Next, the mRNA was broken into short fragments (about 200 bp) after adding fragmentation buffer. First strand cDNA was synthesized using random hexamer-primer and reverse transcriptase (Invitrogen, Carlsbad, CA, USA). The second strand cDNA was synthesized using RNase H (Invitrogen, Carlsbad, CA, USA) and DNA polymerase I (Invitrogen, Carlsbad, CA, USA) [34] . The double strand cDNA was purified with QiaQuick PCR extraction kit (Invitrogen, Carlsbad, CA, USA), and washed with EB buffer. A single adenosine was added to the cDNA using Klenowexo-fragment with dATP. Sequencing adaptors were ligated onto the repaired ends of the fragments. The required fragments were purified by agarose gel electrophoresis and enriched by PCR amplification. Finally, the library products were sequenced via Illumina HiSeq TM 2000 (Illumina, San Diego, CA, USA). All the reads sequences have been submitted to the Sequence Read Archive, NCBI. Accession numbers of experiment-SRX273368 run-SRR837407 for treatment group dataset, and experiment-SRX276082 run-SRR847734 for control group dataset have been given.
Raw reads filtering and clean reads aligning with reference sequences
The original image data were transferred into sequence data by base calling, which is defined as raw data or raw reads. Before data analysis, it was prerequisite to remove the dirty raw reads. The filtering steps included (1) removing the reads with adaptors, (2) removing the reads in which unknown bases were more than 10%, and (3) removing low-quality reads (the percentage of the lowquality bases with which value#5 was more than 50% in a read). Next, the clean reads were aligned to reference sequences using SOAPaligner/soap2 [35] , and mismatches less than 2 bases were allowed in the alignment. The reference unigene or EST (Expressed sequence tags) database and annotation data were downloaded from the websites of http://compbio.dfci.harvard. edu/cgi-bin/tgi/tc_ann.pl?gudb = wheat and http://www.ncbi. nlm.nih.gov/nucest/. The ratio we used to assess the percentage of the gene coverage by reads was the quotient of the base numbers in a target gene covered by unique mapping reads divided by the total base numbers of this target gene.
Screening and analysis of differentially expressed genes (DEGs)
The gene expression level was calculated by counting the number of reads which mapped to the reference genes. Gene expression levels were measured as reads per kilo base per million reads (RPKM) method using the formula previously described by Mortazavi et al. [36] . RPKM were calculated from the following formula:
To find genes that have different expression levels between the two samples, we developed a strict algorithm according to the method reported previously [37] . If every gene's expression occupies only a small part of the whole library, p(x) will closely follow the Poisson distribution, in which the amount of unambiguous clean reads from gene A is denoted as x, and the probability of gene A expression is presented by p(x).
If the amount of clean reads for sample 1 and sample 2 is N 1 and N 2 , respectively, gene A holds x reads in sample 1 and y tags in sample 2. The probability of expression quantity of gene A in sample 1 as much as in sample 2 can be calculated by the following formula:
P-value corresponds to the test of differential gene expression. We threw in FDR (False discovery rate) to determine the threshold of P-value in multiple tests, and preset the FDR to a number no bigger than 0.01 [38] . The standard (FDR#0.001 and the absolute value of |log2|ratio$1) was used as the threshold to judge the significance of gene expression difference. More stringent criteria with smaller FDR and greater fold-change value are used to identify DEGs.
In order to remove the disturbances of the genes from Agrobacterium, we checked out the whole dataset and finally deleted the bacterium genes.
Gene ontology analysis and pathway enrichment analysis of DEGs
DEGs were categorized according to the genome gene ontology (GO) annotations. GO enrichment analysis provides all GO terms which are significantly enriched in DEGs compared with the genome background and filter the DEGs that correspond to biological functions. Using this method all DEGs can be primarily mapped to GO terms in the database (http://www.geneontology. org/), calculating gene numbers for every term, then hyper geometric test was used to find significantly enriched GO terms in DEGs compared with the genome background. This analysis is able to recognize the main biological functions that DEGs play. The calculating formula is as follows:
In this formula, N stands for the number of all genes with GO annotation, n for the number of DEGs in N, M for the number of all genes that are annotated to the certain GO terms, and m for the number of DEGs in M. The calculated p-value goes through Bonferroni Correction, taking corrected p-value#0.05 as a threshold. GO terms fulfilling this condition are defined as significantly enriched GO terms in DEGs.
We also analyzed the gene functions employing pathway database, and extracted the metabolic annotation data from KEGG [39] . Significantly enriched metabolic pathways or signal transduction pathways in DEGs can be achieved using the method of enrichment analysis compared with the whole genome background. The calculating formula is the same as that in GO analysis, but here N means the number of all genes with KEGG annotation, n for the number of DEGs in N, M for the number of all genes annotated to specific pathways and m for the number of DEGs in M.
2-DE analysis of total protein from wheat callus infected and non-infected by Agrobacterium
Total protein extraction from the 3 replicated samples, respectively, was carried out following the standard protocol of TRIZOL reagent (Invitrogen, Carlsbad, CA, USA) after extraction of total RNA. Roughly 600 mg total protein from each sample was first separated by isoelectric focusing (IEF) over a pH range of 3-10 using precast first-dimension dry strip (GE Healthcare, Waukesha, WI, USA). The first-dimension strips were equilibrated in equilibration buffer (50 
MALDI-TOF/TOF analysis
The MALDI-TOF/TOF analysis was performed in Shanghai Applied Protein Technology Co.Ltd. Quantitative image analysis was performed with ImageMaster 2D Platinum Software Version 5.0 (Amersham Biosciences). and then the interested spots (vol.%$2 fold and p-value#0.05) were excised from the Coomassie Blue-stained gels for MALDI-TOF/TOF analyses, which was carried out on an ABI 4800 proteomic analyzer MALDI-TOF/TOF MS (Applied Biosystems/MDS Sciex, USA). The MS together with MS/MS spectra were searched against the NCBI non-redundant green plant database using GPS explorer software (Applied Biosystems, Grand Island, NY, USA) and MASCOT (Matrix Science, Boston, MA, USA) through the following parameters: maximum missed cleavage was 2, peptide mass tolerance was set to 60.2 Dalton (Da), and fragment tolerance set to 60.3 Da. The proteins with both protein score confidence interval (CI) and total ion score CI above 95% were identified as credible results for the MS/MS.
Quantitative reverse transcription PCR (qRT-PCR) analysis
qRT-PCR was performed on ABI 7300 (ABI, Foster City, CA, USA) according to the manufacturer's instructions (TaKaRa, Dalian, China) to assess the transcription levels determined by RNA-seq and protein 2-D gel, in which TaActin was used as an internal standard and amplified with its genome-specific primers at the same time. The cDNA derived from the total RNA used in the process of RNA-seq was used as template. The cycle threshold values (CT) were determined through using ADP ribosylation factor (ADP) as the endogenous reference genes [40] . Next, the relative different expression ratios were calculated by the 2 2DDCT mathematical model [41] . Each experiment was repeated by three times. Two experiments for the two independent cDNA samples were performed to confirm the reproducibility of the results.
Results
Summary of RNA-seq results
A total of 11,589,085 reads (567,865,165 base pairs) were obtained from the RNA of wheat callus co-cultured with Agrobacterium tumefaciens C58C1 (accession number of Sequence Read Archive, NCBI: experiment-SRX273368 run-SRR837407) and 11,601,434 reads (568,470,266 base pairs) were obtained from control callus which was not infected with C58C1 (accession number of NCBI: experiment-SRX276082 run-SRR847734). Over 95% of the reads from both samples were clean reads (File S1), and over 80% of these reads were mapped to the reference unigenes (File S2). The randomness and sequencing saturation analysis showed that the reads location on the gene was standardized to a relative position, and the number of detected genes reached saturation (File S3). The results of the gene coverage statistics are shown in File S4. In both infected and non-infected samples, more than 11% unigenes demonstrated very high levels of gene coverage (coverage.80%).
Transcription profiles reveal DEGs between infected and non-infected samples
We used the RPKM method to identify the gene expression levels. The gene expression is calculated by the number of reads mapped to the reference sequence; the ratio of RPKM (infected)/ RPKM (control) was used to determine the different expression level of each gene. According to the datasets of RPKM of 93,508 unigenes (or ESTs), compared to non-infected samples, the infected samples had 4,889 unigenes (or ESTs) showing different levels of transcription (|log2|ratio (infected/control)$1 and FDR (false discovery rate) #0.001) (File S5). Among them, 2,503 unigenes were up-regulated, and 2,386 were down-regulated. The DEGs that had the mean of |log2|ratio (infected/control)$5 are listed in Table 1 and Table 2 .
Furthermore, we classified the differentially expressed unigenes (or ESTs) by transcribed genes into three GO categories: cellular component, molecular function, and biological process. All of the differentially expressed unigenes shared 2,020 GO terms, including 289 cellular component terms (File S6), 382 molecular function terms (File S7), and 1,349 biological processes (File S8). To demonstrate further relationships of the DEGs and the biochemical processes occurring in the infection, the DEGs were categorized into 8, 13, and 15 groups according to cellular component, molecular function, and biological process independently ( Figure 1 ). Based on the results of gene ontology analysis, most of the DEGs were related to various organelles (50.73%). For examples, lots of them were related to mitochondria, and about half of the DEGs had function of enzyme, coenzyme, or cofactor (24.52%) and the rests were related to the function of the unclear binding (20.5%). For the biological process of GO term, about a quarter of DEGs were involved in the metabolism process (22.9%), 15.77% of DEGs were involved in the chromatin assembly or disassembly process, and another 9.68% of DEGs were related to the process of immunity.
According the analysis of pathway enrichment, 2295 DEGs were involved in 111 pathways (Table 3) . Distribution of all DEGs in the pathways was shown in File S9. 507 DEGs were related to metabolic pathways, and account for the largest portion (16.72%). However, these DEGs were not mapped in KEGG database and the metabolic pathways they were involved were quite broad, and almost incorporated all aspects of the metabolic processes, such as starch and sucrose metabolism and fatty acid metabolism. Most of the DEGs that were classed into metabolic pathways were found also to be presented in other pathways. For example, phenylalanine ammonia-lyase (TC418073) was involved in metabolic pathways, but it also participated in phenylalanine metabolism, phenylpropanoid biosynthesis and nitrogen metabolism when the function of this enzyme was concretely implemented. Besides metabolic pathways, the most important bioprocess in Agrobacterium response is biosynthesis of secondary metabolites (9.74%). Furthermore, the rate of the pathways on plant-pathogen interaction, phenylpropanoid biosynthesis and spliceosome were more than 3%. The most weakly tested pathways were about biotin metabolism, arachidonic acid metabolism, photosynthesis and photosynthesis-antenna proteins (0.03%). 
Identification and classification of differentially expressed proteins
Soluble proteins were extracted from infected and non-infected samples, and proteomic dynamics was investigated by highresolution 2-DE. Protein spots displaying reproducible patterns were identified, and their expression patterns were analyzed. Among the Agrobacterium-infected and the control samples, a total of 867 reproducible protein spots were detected. The expression abundances (vol.%) of 132 protein spots changed by more than two folds, and thus were treated as DEPs. Due to the limited number of protein entries in the database, only 90 proteins spots were identified eventually through MALDI-TOF/TOF (Table 4) . The maps are shown in Figure 2 . Among these proteins, nine potential isoforms were targeted, and each of them had two or three spots located at different positions in the same gel. For example, in the infected tissues spots I216, I217 and I219 were identified as methionine synthase 1, and spots I320 and I343 were fructose-bisphosphate aldolase. In non-infected tissues, the isoforms include fructosebisphosphate aldolase GTPase-activating protein-binding protein 1-like (spots N214 and N216), phosphoglucomutase (spots N219 and N229), predicted: pyruvate dehydrogenase E1 component subunit beta (spots N307 and N306), elongation factor 1-beta (spots N356 and N355), and glutathione transferase (spots I385 and I386). Furthermore, there were two groups of unnamed protein (spots N322 and N331/N338 and N342). These isoforms might represent post-translational modification forms of the same protein (Table 4) .
Comparative analysis between the results of RNA-seq and proteomics
To describe the differently expressed genes in the process of transcription more accurately, we compared the results of RNAseq with proteomics. 24 DEPs (26 spots) from the proteomics dataset were in consistent with the RNA-seq dataset (Table 5) . On the basis of the pathway analysis of DEGs, the aligned 24 DEPs were involved in 23 pathways (Table 5) , which are shown in Figure 3 .
According to their functions, the aligned proteins were categorized into 5 groups (Figure 4) . Half of these proteins (12 proteins) were involved in stress or immune responses, including cold shock domain protein 3, pyruvate decarboxylase isozyme 2, (Table 5) . Succinate dehydrogenase and triosephosphat-isomerase displayed up-regulation in the proteomics dataset but downregulation in the RNA-seq dataset. On the contrary, glutamine synthetase isoform GSr2, F0-F1 ATPase alpha subunit and chitinase 2 showed down-regulation in the proteomics dataset but up-regulation in the RNA-seq dataset. This inconsistent phenomenon might be caused by post-translational modification of the target gene and different metabolism process of the corresponding protein.
Expression analysis using quantitative reverse transcription PCR (qRT-PCR)
To verify the DEG and DEP data, we used qRT-PCR to analyze the expression levels of 21 genes including 14 found in both DEGs and DEPs, and 7 other DEGs (|log2|ratio (infected/ control).10) (File S10). The results showed that 11 genes were upregulated, and 3 genes were down-regulated in the infected callus compared with the non-infected callus, while 7 genes had no changes in expression levels ( Figure 5 ). Although the qRT-PCR data did not match the RNA-seq data perfectly, some genes did show consistent expression patterns in both datasets. For examples, CF133353 (expressed protein), CJ654139 (Os07g0137900 protein), TC416495 (MPI), TC451603 (LOC496215 protein), BJ236765 (unknown), TC458205 (high molecular weight glutenin subunit) and TC379055 (unknown) got vastly different expression both from qRT-PCR and RNA-seq. And the difference of expression from the two analysis both significantly reduced in TC419727 (glutathione transferase), TC388136 (lipoxygenase 1), TC434396 (cinnamyl alcohol dehydrogenase), TC419278 (alanine aminotransferase 2) and CK201148 (chitinase 2). At last, TC406505 (phosphoglucomutase). TC411471 (ATP synthase subunit a), TC420420 (proteasome subunit alpha type-5), CK155765
(adenine phosphoribosyltransferase 1) and CV767688 (triosephosphate isomerase) were down regulated.
Discussion
Transferring process of T-DNA from Agrobacterium cells into wheat genome Agrobacterium tumefaciens is a kind of pathogenic bacteria that causes crown gall disease (the formation of tumours) by the insertion of a T-DNA from a plasmid into plant cells in over 140 species of dicots under natural conditions. Unlike some tumorinducing viruses, Agrobacterium T-DNA insertion into a host genome is a semi-random process [43] that causes an antibacterial response in the host. Up to date, even though many strains of Agrobacterium can be used in plant genetic transformation for T-DNA delivery, each strain has its suitable species to infect on. In this study, C58C1 strain was chosen because it was successfully used in many reports on wheat transformation [24] . According to some published papers [24, 26, 27] , wheat transformation process mediated by Agrobacterium was finished within 48 hours. Especially, the growth peak of Agrobacterium on the surface of the host cells was observed when the co-culture period of Agrobacterium and wheat cells was proceeded for 36 h (File S11), and the expression of T-DNA was very intense after co-culture for 36 h [44] . Therefore, we expect that all of the transformation steps (attraction of Agrobacterium, T-DNA transportation and interaction) were lancing within this time since the infection. Therefore, in this investigation we chose the wheat immature embryos infected with Agrobacterium for 36 hours as materials for RNA-seq and proteomics analysis.
Investigating the host response to Agrobacterium infection process will contribute to understanding the interaction process and find some valuable clues on developing or optimizing of Agrobacteriummediated transformation process. In our present study, 4,889 DEGs and 90 DEPs were identified to be closely related to Agrobacterium infection and all the DEGs involved in 111 pathways. Actually, RNA-seq is much more sensitive than 2D proteomics analysis, but the number of DEPs is much fewer than the DEGs. This kind of inconsistence is partly due to translational/posttranslational regulation, but the most significant reason is that a DEP does not correspond to only one DEG (Table 5 ). In the response process of wheat cells to Agrobacterium, the genes related to secondary metabolites metabolic played the most important roles according to the results from pathway analysis and gene ontology analysis for biological process (Table 3 , File S8). On the contrary, minimum of genes relate to photosynthesis pathway were detected. It indicated that the photosynthesis related genes avoided participating in the process of the transformation.
Potential roles of related metabolism process proteins or secondary metabolites in Agrobacterium mediated approach A large portion of the DEGs and DEPs in our datasets were found to be involved in the metabolism process. Some of them may play important roles in the interaction between wheat cells and Agrobacterium. Among them, sucrose synthase is an attractive functional protein. This carbohydrate was proved to participate both in sucrose synthesis and cleavage in plants, and catalyzes the chemical reaction of UDP-glucose+D-fructoserRUDP+sucrose [45] .In this study, we found that sucrose synthase-2 was upregulated according to RNA-seq and qRT-PCR, but was downregulated according to proteomics dataset. The reason might be that the protein is degraded dramatically or transformed into other homologous type very soon although the transcription is activated. The up-regulation of this synthase at the level of transcription was also found in Arabidopsis thaliana under the same situation [46] . As sucrose synthase is beneficial to root nodule organogenesis in Figure 1 . Categorization of the GO terms based on the differentially expressed genes. Categorization of GO terms with a p-value greater than or equal to 1: cellular component terms (A), molecular function terms (B) and biological process terms (C). All of the differentially expressed genes were classified based on GO analysis. By this method all DEGs are firstly mapped to GO terms in the database (http://www.geneontology.org/), calculating gene numbers for every term, then using hypergeometric test to find significantly enriched GO terms in DEGs comparing to the genome background. Each category is labeled with different colors, and the numbers refer to ratio of these categories to the all dataset. doi:10.1371/journal.pone.0079390.g001 legumes [47] , this corresponding gene might be related to the process of Agrobacterium-mediated genetic transformation. Furthermore, UDP-glucose is the substrate of UDP-glycosyltransferase, which was confirmed to participate in the response to pathogens [48] . In addition, UDP-glycosyltransferase has also been found to detoxify deoxynivalenol in Fusarium [49] . Recently, an Arabidopsis hat mutant over-expressing a UDP-glucosyltransferase gene was found to be resistant to Agrobacterium-mediated transformation, in which many defense genes were down-regulated [10] . And in our results, we also found that both sucrose synthase and UDPglucosyltransferase were up-regulated at the level of transcription after infection by Agrobacterium. It is implied that saccharo metabolism might affect the infection process. Some DEPs were involved in proteasome, such as proteasome subunit alpha type-3-like. proteasomes, played a straightforward and critical role in the process of plant immune system [50] . 26S proteasome and ubiquitin emerge as a key regulatory mechanism in selective protein degradation [51] . This pathway was involved in a wide variety of cellular processes in plants, such as hormone signaling, photomorphogenesis, flower development, embryo development, and defense response [52] . Meanwhile, ubiquitinprotein ligase (CA714086) was identified in our RNA-seq datasets 
Figure 2. 2-DE patterns of proteins extracted from control callus (A) and infected callus (B). 2-DE patterns of proteins extracted from CK (uninfected) PCIEs (A) and infected PCIEs (B)
. A protein sample of 1200 mg was loaded on each IPG strip (pH 3-10) and protein spots were visualized using coomassie brilliant blue staining. The experiment was repeated three times, 132 differentially expressed protein spots showing significant volume change under Agrobacterium infection. 90 protein spots which were changed by more than two folds were identified by MALDI-TOF/TOF analysis, and labeled on the figure. doi:10.1371/journal.pone.0079390.g002 and remarkably up-regulated (|log2|ratio = 4.080610714). The activation of ubiquitin is a typical reaction during the process of pathogen infection [53] . In addition, E3 ubiquitin ligase is required for cell death and defense response in plants [54] . Therefore, ubiquitin-protein ligase might be also related to the Agrobacterium mediated DNA delivery. On the other hand, 26S proteasome subunit was proved to be involved in innate immunity in Arabidopsis [55] , In plant, selective removal of short-lived regulatory proteins is a very important controlling strategy for physiology, growth, and development [56] . However, in our study, proteasome maturation factor (TC379459) is down-regulated according to RNA-seq (|log2|ratio = 21.44004434). In wheat cells, some regulatory proteins might produce a favorable environment for Agrobacterium infection. Thus, to defend the resistance from plant cells, Agrobacterium might suppress the proteasomes from plant. Function of above candidate genes screened from this study in wheat Agrobacterium-mediated transformation needs to be further investigated.
Relationship of plant phenylpropanoid biosynthesis and Agrobacterium infection
To our knowledge, UDP-glycosyltransferase mediates the transfer of glycosyl residues from nucleotide sugars to acceptor molecules (aglycones), such as plant secondary metabolites [57] . Most plant secondary metabolites might play important roles during Agrobacterium infection process. For examples, plant phenolics such as acetosyringone is an essential inducer for Agrobacterium infection. Acetosyringone is widely used in the protocol of Agrobacterium-mediated plant transformation. Other phenolics such as protocatechuic acid, bresorcylic acid and protocatechuate also launch into the Agrobacterium- mediated transformation [58] . In our database, phenylalanine ammonia-lyase (PAL) was found up-regulated dramatically (|log2|-ratio = 12.50423728). PAL catalyzes the first step in the biosynthesis of phenylpropanoids, which are further modified into a wide variety of phenolic compounds [59] . Another important secondary metabolites is flavonoid which involved in several biological process for plant development and defense [60] . In our research, two unknown proteins (TC413199, TC430821) were found to be involved in 
Expression of stress response related proteins during the interaction between plant and Agrobacterium
Based on the gene ontology analysis of the RNA-seq dataset, we found 9.68% DEGs were involved in the immunity process.
According to the pathway analysis, 111 DEGs were found to be related to the plant-pathogen interaction pathway. In consideration of Agrobacterium being a kind of plant-pathogen in nature, the stress and pathogen response genes should be the focuses of the transformation process.
Most of the DEGs are involved in responses to reactive oxygen species (ROS) stresses. As we know, oxidative burst is the first defense of plants against pathogen attacks [61] . The ROS, stimulated by stress from pathogen attack and generated from both plant and pathogen [62] , plays a key role in the crosstalk between biotic and abiotic stress signaling [63] . Plants generated ROS by activating various oxidases and peroxidases [64] . In the meanwhile, it was found in wheat that Agrobacterium infection induces plant cell to produce hydrogen peroxide (H 2 O 2 ) rapidly and leads wheat cell death severally [65] . In plant, a series of peroxidases can eliminate ROS, such as catalase, which activity was confirmed to be closely related to efficient regeneration potential of wheat immature embryos during the somatic embryogenesis [66] . There are 3 kinds of peroxidases (peroxidase 8 (TC389044), phospholipid hydroperoxide glutathione peroxidase (CD908771 and CA729147) and ascorbate peroxidase (TC389590)) found in our datasets. In the datasets of RNA-seq and proteomics, peroxidase 8 was up-regulated (|log2|ra-tio = 1.31539) during the infection process while ascorbate peroxidase was down-regulated (|log2|ratio = 21.05259). Furthermore, according to the results of qRT-PCR, the expression level of peroxidase 8 was up-regulated 1.7 times but the expression level of ascorbate peroxidase almost had no change (File S10). By coincidence, peroxidase was also identified in Ageratum conyzoides and Arabidopsis thaliana responding to Agrobacterium tumefaciens infection [16, 67] ,. Peroxidase has the function of interrupting the cascades of uncontrolled oxidation [68] . Peroxidase 8 is a kind of peroxidase belonging to Class-III in Triticum monococcum, which was a component of defense system responding to powdery mildew attack [46] . Ascorbate peroxidase scavenges hydrogen peroxide in plants, and is essential to protect cell constituents from lesion by hydrogen peroxide and other hydroxyl radicals produced from the interaction process of plant cells and pathogens [67, 69] , Hydrogen peroxide is a kind of inhibitor for the invading pathogens, but it also contributes some virulence to pathogens [61] . Thereby, hydrogen peroxide might be an advantageous compound for both host cells and Agrobacterium, and it might be necessary to repress the accumulation of hydrogen peroxide-scavenging enzyme such as ascorbate peroxidase in the infection process.
Phospholipid hydroperoxide glutathione peroxidase was determined to be related to the metabolism of glutathione, which is an effective antioxidant preventing damage of important cellular components caused by ROS [70] . Moreover, phospholipid hydroperoxide glutathione peroxidase is a monomer, and the donor substrate of this peroxidase is not only restricted to glutathione (GSH) but also binds to specific mitochondrial proteins. In present research, phospholipid hydroperoxide glutathione peroxidase was detected to be up-regulated according to RNA-seq but down-regulated according to proteomics in the infection process. It is possible that phospholipid hydroperoxide glutathione peroxidase binds on mitochondrial proteins dramatically when the activity of mitochondrial is elevated. It makes protein of phospholipid hydroperoxide glutathione peroxidase decrease although the gene's expression was activated.
The rest of DEPs identified are related to be biotic stress response, such as chitinase (CK201148) and thioredoxin h (TC396636). As chitin is an important component of the cell wall of fungi and chitinases are generally found in organisms that dissolve and digest the chitin of fungi [71] plant chitinases are thought to be related to pathogen resistance [72] . Chitinase was up-regulated in our RNA-seq datasets and there was almost no diversity according to qRT-PCR result (2 2DDCT = 0.982055), but was down-regulated in proteomics datasets. Moreover, by reducing the defense of host cells, chitinases enable symbiotic interaction with nitrogen-fixing bacteria or mycorrhizal fungi [73] . To remove the barriers of infection, Agrobacterium suppressed the accumulation of chitinase from plant cells although the gene's expression was already activated. hioredoxin h also has potential capability against pathogens attaching, and evidence showed thioedoxin h gene was strongly induced within 4 hours in Arabidopsis cell suspensions treated with fungal elicitors, which contained wide range stress inducing agent [74] . In our study, we found that thioredoxin h was down-regulated both in RNA-seq and proteomics datasets which means the immune response of the host was impaired during the infection process.
Relationship of T-DNA integration and host proteins related to nucleic acid binding and nucleotide excision repair
The ultimate aim of Agrobacterium transformation is to import the T-DNA into plant genome. So, several nucleic acid binding proteins should take part in the two steps: T-DNA nuclear import and integration. And the typically nucleic acid binding proteins are thought to be the T-complex ones from Agrobacterium [75] . Now some host proteins have shown to be important in the last two steps for T-DNA delivery [7] . In this study the nucleic acid binding proteins take a very large part of the DEGs based on the GO analysis. The pathway analysis indicated that the spliceosome proteins should be paid more attention. T-DNA integration into plant chromosome actually belongs to the way of non-homologous (illegitimate) recombination (NHR), even when the T-DNA shares high homology with the host genome. As for the pattern of the T-DNA integration, the double-strand-break repair (DSBR) model and single-strand-gap repair (SSGR) model were originally proposed [76] . Above findings suggest that nucleotide excision repair proteins are the key players in the process of T-DNA integration.
Particularly, histone was demonstrated to play an important role in the transformation process mediated by Agrobacterium [7] . Especially, histone H2A, histone H4, and histone H3-11 in Arabidopsis can increase transformation susceptibility. Other plant proteins related to the transformation process include BTIs (VirB2-interacting proteins), AtRAB8, and DIG3. Hwang et al. used the C-terminal-processed portion of VirB2 as the bait to search the interaction protein by yeast two-hybrid in Arabidopsis, and found that BTI1, BTI2, BTI3, and a membrane-associated GTPase, AtRAB8 interact with VirB2. Their further study showed the positive meaning of these proteins in the infection process of Agrobacterium [8] . DIG3, found in tomato, encodes an enzymatically active type 2C serine/threonine protein phosphatase, which interacts with VirD2. Over-expression of DIG3 in tobacco protoplasts inhibited nuclear import of VirD2 nuclear localization [9] . In our study, Histone and GTPase related protein genes were also identified, such as TC396751 encoding Histone H2B. In the process of Agrobacterium infection, H2B was down-regulated dramatically (|log2|ratio = 213.62721073). In the previous research [13] , H2B did not lead to increased transformation susceptibility. However, according to our results, we assumed that H2B might have a negative effect during the transformation process. Therefore, the expression level of H2B might be depressed by Agrobacterium. Besides, we also obtained several serine/threonine-protein kinases such as TC440175 (Serine/ threonine-protein kinase Nek5, (|log2|ratio = 2.297455487)). Some of them probably are similar to DIG3, and interact with VirD2. Beyond that, a big part of the DEGs have the function of nucleic acid binding and protein-protein interaction based on the categorization of the GO terms ( Figure 1B) . It is suggested that some genes among the DEGs should play roles in the nucleic importing and integration into genome of T-DNA.
Conclusions
In this study, we identified a set of 4988 DEGs and 90 DEPs in Agrobacterium-infected wheat tissues. After comparative analysis, 24 of the 90 DEPs were detected in RNA-seq and proteomics datasets simultaneously. The expressions of the most DEGs were found to be uniformly up/down-regulated between RNA-seq and qRT-PCR datasets, which proved the authenticity of the results from RNA-seq. According to GO analysis, we found that a big part of these differentially expressed genes were related to the process of stress or immunity response, and other major part of DEGs involved in the process of molecular modification. We believe that some of these genes are closely related to the transformation process mediated by Agrobacterium. The findings achieved in this study will help to further exploit the interaction between Agrobacterium and host cells, and may facilitate the development of efficient plant transformation strategies.
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